Ovarian cancer (OC) is the most lethal gynecological malignancy, with a low 5-year survival rate. Most patients with ovarian cancer are diagnosed in late-stages. A rising number of non-coding RNAs (ncRNAs) have been found to act as key regulators of gene expression by applying novel high-thought methods, such as next generation sequencing (NGS). Non-coding RNAs not only play important roles in carcinogenesis, but also affect the clinical treatment strategies. One of the biggest challenge in OC treatment was chemoresistance, which causes poor prognosis and high recurrence rate after applying traditional remedies. Of note, it has been proved that ncRNAs were deeply correlated with chemoresistance in several cancers, which made ncRNAs considered to be potential therapeutic targets in ovarian cancer. Among of all ncRNAs, the studies of miRNAs and lncRNAs in ovarian cancer chemoresistance were much clearer. In this study, we reviewed the most relevant researches in this field, and described the relationships between ncRNAs and chemoresistance in ovarian cancer.
Introduction
As one of the most malignant cancers, ovarian cancer, especially epithelial ovarian cancer, is the most lethal cancer in gynecological malignancy [1, 2] . The low 5-year survival rate of ovarian cancer, which ranges from 30% to 90%, is the major concern in clinical practice. Over 90% of ovarian cancers are classified as epithelial ovarian cancer. Patients at early stages usually have a high survival rate of nearly 90%, however, a large number of patients with ovarian cancer are diagnosed as late-stage diseases [3, 4] . The methods of diagnosis mainly involve pelvic examination, transvaginal ultrasound, and serum cancer antigen 125 (CA125) measurements, and common therapies for ovarian cancer are surgery combined with neoadjuvant chemotherapy [5] . Over the past decades, although there is a growing understanding of ovarian cancer, the early diagnosis rate and prognosis for the disease were still poor. A large number of studies revealed that non-coding RNAs (ncRNAs) played important roles in regulating various biological processes of ovarian cancer, including chemoresistance [6, 7] .
Chemoresistance, which was classified into intrinsic and acquired chemoresistance, is a common phenomenon in chemotherapy. Severe chemoresistance could accelerate cancer progression and induce morality. Intrinsic resistance exists in a part of chemo-naive patients, which causes the ineffectiveness of intended chemotherapy. While acquired resistance is usually emerged when tumors are resistant to a particular drug during the treatment [8] .
With the development of next-generation sequencing (NGS), it has been proposed that chemotherapy resistance was closely associated with the dysregulation of genes. Emerging studies had showed ncRNAs played an important role in Ivyspring International Publisher chemotherapy resistance, which indicated the potential roles of lncRNAs in reducing chemoresistance in the ovarian cancers [8, 9] .
NcRNAs are RNA molecules that are not translated into protein, including highly abundant and functionally important RNAs such as transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), as well as microRNAs, lncRNAs, circRNAs and tRFs [10] . They have been proved to regulate many biological processes, such as cancer prognosis, response to chemotherapy and radiotherapy sensitivity. Dysregulation of ncRNAs in chemotherapy-sensitive cells suggests that chemotherapy resistance could be regulated by regulating ncRNA expression [11] [12] [13] [14] . Through participating in several signaling pathways, such as TGF-β/SMAD [15] and p53 signaling pathway [16] , ncRNAs can be developed to serve as potential diagnostic and prognostic biomarkers in ovarian cancer.
NcRNAs involved in chemoresistance of OC
Increased intracellular miRNA expression could affect chemoresistance through epigenetic changes. Increasing evidences demonstrated that various miRNAs and lncRNAs are involved in OC chemoresistance [17, 18] .
Chemoresistance mechanisms in OC
Optimal treatment for advanced ovarian cancer includes surgical cytoreduction and platinum-based chemotherapy. A recent study demonstrated that patients with stages III and IV ovarian cancer who received chemotherapy had non-inferior survival rate and reduced treatment-related mortality compared with those who received primary cytoreductive surgery [19] .. Nearly 20% of ovarian cancer patients are resistant to the standard platinum-based chemotherapy, which made chemoresistance to be one of the most critical problems in ovarian cancer therapy. Patients treated with chemotherapy not only need to face with recrudesce of the disease but also have to take the risk of drug resistance. What's more, there is usually no effective curative treatment for acquired resistance yet [20, 21] .
Recent studies demonstrate that there are several leading causes to induce chemoresistance. The first and maybe the most important is the pharmacokinetic profile of the drugs. Efflux happens in the transportation progress of many drugs before they could reach the therapeutic targets, and then causes the reduction of drug absorptions and curative effects. The second is the drug inactivation. Although some drugs could reach the therapeutic targets, they couldn't be activated and take effect, which will cause resistance. This mechanism is found to be closely connected with drug-induced DNA damage repair. The last is the reactivation of the targeted pathway. Drugs successfully reach the therapeutic targets and take effect, but they fail to cause subsequent reactions and kill cancer cells. This process is thought as the results of cross-talk between microenvironment, apoptosis inhibition, autophagy induction and alterations in cell cycle checkpoints [22] .
Impact of ncRNAs on chemoresistance in OC
Compared with other ncRNAs, the functions and regulation mechanisms of miRNAs were well studied. A transcriptomic study performed in different ovarian cancer cells found that let-7e, miR-30c, miR-125b, miR-130a and miR-335 had abnormal expressions in all the drug resistant cells, including cisplatin, paclitaxel-and cyclosporin A [23] .
In a series of studies, miRNAs have been verified to be correlated with chemotherapy resistance in ovarian cancer. Let-7i was the first miRNAs which was thought to be closely associated with chemotherapy-resistant EOC. The decreased levels of let-7i was observed in chemotherapy-resistant EOC patients with shorter survival rate. In a related study, resistance to cisplatin was increased by inhibition of let-7i expression in ovarian cancer [24] .
MiR-106a and miR-591 were proved to play roles in paclitaxel resistance in both ovarian cancer cells and tumor samples. Overexpression of anti-miR-106a or pre-miR-591 could recover the sensitivity of paclitaxel-resistant cells to paclitaxel by activating apoptosis and inhibiting cell migration and proliferation [25] . Downregulation of miR-106a increased the protein levels of RB1, p21, caspase-7 and BCL10, meanwhile upregulation of miR-591 suppressed ZEB1 expression.
A systematic study of miRNA demonstrated that a series of miRNAs were associated with paclitaxel resistance in ovarian cancer cells, including miR-663, miR-622, miR-497, miR-187, miR-195 and miR-107. The regulation processes of these miRNAs were mainly related to p53 networks [26] .
MiR-21, which plays crucial roles in cancer progression, has also been proved to be associated with OC resistance. Yu et al reported that miR-21 could enhance the chemoresistance to cisplatin through suppressing PTEN expression in epithelial ovarian cancer [27] . Besides, compared with ovarian cancer cells, miR-21 isomiRNAs had higher levels in exosomes and tissue lysates isolated from ovarian cancer-associated adipocytes (CAAs) and fibroblasts (CAFs). They could transferred to ovarian cancer cells from CAAs and CAFs, and therefore enhance OC paclitaxel-resistance by binding to APAF1 [28] . This implies that chemoresistance occurred in cancer cells induced by miRNAs may not be the results of in situ abnormal expression of miRNAs but rather the transference of stromal-derived miRNAs. Additionally, miR-21 was found to be related with chemoresistance in other gynecologic cancers, including breast cancer [29] and cervical cancer [30] . The complex mechanisms of miR-21 mediated chemoresistance deserve deeper consideration in future research.
A system biology revealed that, in cisplatinresistant OC, four candidate miRNAs may have great contributions, including miR-24-3p, miR-192-5p, miR-139-5p and miR-155-5p. The functions of these miRNAs were closely related with apoptosis, adhesion and cell cycle [31] .
Some miRNAs also made important functions in paclitaxel resistance in OC. Upregulation of miR-136 could resensitize paclitaxel-resistant by targeting Notch3 in OC cells [32] . Upregulation of miR-1307 could inhibit ING5 levels and promote paclitaxel chemoresistance in OC [33] . MiR-34c-5p could suppress docetaxel and carboplatin resistance in OC via targeting AREG and downregulating the AREG-EGFR-ERK pathway [34] .
Six miRNAs, including miR-23b, miR-27a, miR-27b, miR-346, miR-424 and miR-503, were upregulated in ALDH1-positive ovarian cells, and they all had high expression in chemoresistant ovarian cancer cells and tumor samples compared with chemosensitive group. High ALDH1 expression was associated with chemoresistance both in vitro and in vivo [35] .
Besides, a series of miRNAs were also reported to have associations with cisplatin and paclitaxel resistance in OC (Table 1) . MiR-200 family could affect sensitivities to cisplatin and paclitaxel by targeting KEAP1 [36] , p38α [37] , ZEB1 [38] and TUBB3 [39] . MiR-199/214 cluster could induce or suppress cisplatin and paclitaxel resistance through inhibiting several target genes, including IKKβ [40] , HIF-1A [40] , HIF-2A [40] , CD44 [41] , JAG1 [42] , PTEN [43] and CCL5 [43] .
MiR-31 could function as a paclitaxel-resistance suppressor by directly targeting MET [44] .
Among of all ncRNAs, the mechanisms of miRNAs in chemoresistance were the most clear. Through directly targeting genes or interacting with other ncRNAs, miRNAs could affect paclitaxel, cisplatin and carboplatin resistance in ovarian cancer. By this way, these miRNAs were involved in numerous signaling pathways, and formed largescale regulatory networks [45] . Except mentioned miRNAs, some others also played roles in OC chemoresistance, such as miR-146a [46] , miR-9 [47] and miR-409-3p [48] . miR-31 MET Paclitaxel resistance [44] In present studies, a series of miRNAs were considered as potential diagnostic and prognostic biomarkers in chemoresistance. Due to the abundance of miRNAs, it was believed that the accuracy of diagnosis in OC chemoresistance could be elevated by integrating different kinds of miRNAs. A series of miRNAs, including Miravirsen, RG-101, MRX34, MesomiR-1, MRG-201, MRG-106 and RG-125/ AZD4076, have been or are being tested for therapy in clinical trials in different disease areas. Although most of them are not designed for cancer chemoresistance, it is hopeful that some miRNAs can be as drug targets in chemoresistance treatment in the future.
An increasing number of lncRNAs were proved to play key roles in OC chemoresistance (Table 2) . HOX antisense intergenic RNA (HOTAIR), a kind of classical lncRNA, was found to play important roles in relating DNA damage with chemoresistance in ovarian cancer [49] . In addition, HOTAIR could also activate NF-κB signaling pathway. In a relevant study, upregulation of HOTAIR could induce platinum resistance in ovarian cancer, and the expression level of HOTAIR was significantly increased in recurrent platinum-resistant ovarian tumors. This suggested that NF-κB-HOTAIR axis could influence DNA damage and cause chemoresistance through driving a positive-feedback loop in a series of cancers [50] . In other study, through activating wnt/β-catenin signaling pathway, the overexpression of HOTAIR could promote cell cycle progression and induce cellular cisplatin resistance [51] . However, in other gynecologic cancers, the relationship between HOTAIR and chemoresistance is still unclear.
BC200 was also reported to be related with ovarian cancer. It was observed that carboplatin could upregulate the expression of BC200 in cell lines, and the drug sensitivity of the cells was suppressed when inhibiting the level of BC200. So, BC200 appears to serve as a regulator of carboplatin-induced ovarian cancer cell death [52] .
NEAT1, another important lncRNA, was proved to affect paclitaxel resistance in ovarian cancer. A related study demonstrated that NEAT1 was overexpressed in paclitaxel-resistant ovarian cancer tissues. NEAT1 could upregulate ZEB1 by sponging miR-194, and knockdown of NEAT1 could enhance the sensitivity of ovarian cancer cells to paclitaxel [53] .
UCA1, related to SPRK1, was found to affect cisplatin resistance in ovarian cancer. The expression of UCA1 could enhance cisplatin resistance, and knocking-down SRPK1 could partly rescue the effect of UCA1 on cisplatin resistance [54] .
In Midkine (MK)-related ovarian cancer, lncRNA ANRIL may function as a risk factor. The knock-down of ANRIL suppressed MK-induced cisplatin resistance and caused apoptosis via activating caspase-3/Bcl-2 [55] .
At present, the studies of lncRNAs and OC chemoresistance are still at early stage. One of the most common regulatory mechanisms of lncRNAs is to regulate the chemoresistance in ovarian and other cancers by sponging miRNAs [56, 57] . However, only a small quantity of the numerous lncRNAs have been found to be associated with chemoresistance. The related mechanisms only include DNA damage and cell apoptosis, and limited signaling pathways are proved to affect OC chemoresistance, including NF-κB, wnt/β-catenin and cell apoptosis signaling pathway. Further studies are needed to explore more potential lncRNAs with regulatory roles in chemoresistance. Nowadays, circular RNAs (circRNAs) and tRNA-derived RNA fragments (tRFs) have been developed into new research targets in chemoresistance [58] [59] [60] . For now, there hasn't been any reports that proposed any direct relationships between chemotherapy resistance with circRNAs or tRFs. However, Wu et al reported that circRNAs had close relationships with radioresistance in esophageal cancer [61] . tRFs were also proved to regulate several chemoresistance-related genes, including AURKA [62, 63] and YBX1 [64, 65] . In addition, it has been reported that cirRNAs and tRFs may play a key role in chemotherapy resistance through altering stress conditions in cancer microenvironment. Above all, circRNAs and tRFs were believed to be the research hotspot in the future.
Chemoresistance and precision medicine
As a result of the development of modern medical technology, pathogenesis of many critical diseases are being uncovered. With the advancement of NGS and HGP, the therapeutic strategies for cancers have gradually turned towards precision medical. More and more studies have demonstrated the critical roles of RNAs in tumor treatment.
Among of all ncRNAs, miRNAs are most widely studied and have the potential to serve as diagnostic biomarkers and the targets for therapeutic drugs. For example, the most famous miRNAs, miR-34, plays important roles in breast cancer and ovarian cancer by targeting EGFR, Bcl-2, CCND1 and some other important genes [66] [67] [68] . Compared with other ncRNAs, the functions of miRNAs are much clearer. They usually functioned through participating in several signaling pathways. The characteristic of multifunction make it possible for miRNAs to have a pivotal role in precision medical.
As a kind of novel ncRNAs, researches on tRFs are still at an early stage. Since the similarity with miRNAs in structure, tRFs were considered to be a kind of miRNAs. Besides, generation of tRFs is closely related with stress conditions, which implies that tRFs are more sensitive to cancer microenvironment, and could be developed to a diagnostic biomarker.
A large number of studies that proposed circRNAs can function as ceRNA make it to be hotspots in cancer research [69, 70] . Because of the closed loop structure, circRNAs could hardly be cleaved by exonuclease. Because of this, circRNAs are stable and have long half-lives in cells and human blood. Based on this characteristic, circRNAs are considered as the most suitable biomarker for early diagnosis.
Based on the unique features, lncRNAs can induce gene silencing by combing with other ncRNAs and mRNAs. The biological functions of lncRNAs is complex. In addition to the roles mentioned above, they can even encode proteins. What's more, lncRNAs can function as the bridges for the crosstalk between other ncRNAs.
With the development of precision medical, the relationships between ncRNAs and diseases will be the future interests in many research fields, including cancers and chemotherapy resistance. Researches on all kinds of ncRNAs have made remarkable progress, but it is believed that there still exists other types of ncRNAs that are uncovered, and they can form an intact RNA world (Figure 1 ).
Future Perspectives
ncRNAs have a variety of roles in cells, including affecting the structure of the whole chromosomes, regulating gene expressions and mediating the translation of genetic codons into protein sequences. ncRNAs can be classified into several types and distinguished from each other according to their different functions, including unique regulatory mechanisms, alternative forms of biogenesis and functional structured RNA domains. Current deep RNA-sequencing and advanced epigenomic technologies could help to identify new ncRNAs and analyze their characteristics. In the future, more features and functions of ncRNAs will be uncovered gradually with the help of future techniques. It can be expected that ncRNA-based therapeutics will play an important role in future clinical practice [71] .
Based on present studies, miRNAs are the most studied ncRNAs in ovarian cancer chemoresistance. Several miRNAs have been identified to be remarkably up/down-regulated in chemoresistant ovarian cancer, such as let-7i, miR-27a, miR-23a, miR-449b, miR-21 and so on [72] . These miRNAs were proved to be associated with poor prognosis and short survival in chemoresistant ovarian cancer patients. Of note, the research of miR-21 reveals that, in cancer chemoresistance, we should focus on the diversity of regulatory mechanism and assess the biological function of miRNAs in many aspects, including in situ and transfer. Besides, lncRNA also play key roles in chemoresistance. They are closely linked with DNA damage and repair. However, the present studies of lncRNAs in OC chemoresistance are much limited, and HOTAIR may play the most important role. In near future, the relationship between lncRNAs and chemoresistance will be the highlight of ovarian cancer research.
Contrast to miRNAs and lncRNAs, whether circRNAs and tRFs participate in chemoresistance are still unclear. In view of the relationships between these ncRNAs, circRNAs and tRFs are also believed to contribute to chemoresistance in ovarian cancer [18] .
Although breakthroughs have been made on regulatory mechanisms of sncRNAs, there are still a lot of unknown aspects need to be explored. For example, tRFs were affirmed to be a new type of ncRNAs cleaved from tRNAs, rather than a kind of miRNAs as previously considered. So, it is still necessary for us to focus on ncRNAs, not only to correct any possible mistakes, but also to contribute to the development of physianthropy.
